Phosphate glass with a composition of 15BaO-10PbO-5SrO-70P 2 O 5 has been prepared by 2.45 GHz microwave heating. In the 31 P MAS NMR spectra of this glass, we observed the strong Q 3 band corresponding to the branching PO 4 group which was not observed in the glass prepared by conventional electric furnace heating. The presence of branching points means that the glass prepared by microwave has three-dimensionally polymerized structure, which gives the higher stability of the glass.
. Metal ions exist to keep balance of charges and stabilize the glass structure. Since this glass is prepared by low temperature liquid condensation method, it includes much water of ca. 5 wt%. Consequently, the glass shows has protonic conduction, where protons which are strongly hydrogen-bonded with non-bridging oxygen atoms move by hopping from site to site. 1, 2 Therefore, this glass has a potential use as Figure 1 . Model structur ton-conductive phosph e glass. solid electrolytes for a fuel cell working at the i mediate temperature range of 150-400 ºC, which is favorable to an application for household co-generation system.
Glasses are generally produced by electric furnace niform, because the outside of a zed microwave heating as a ne mparable to ε'=20 and ε''=3 for H 2 O. nter heating. However, the heating process in this method is not u crucible with raw materials is first heated and then raw materials are heated by thermal conduction and convection.
In order to improve such a disadvantage, we utili w technique of glass formation. Microwave interacts with materials in three types of manner: reflection on metals, transmission through insulators and absorption in dielectrics. Since microwave directly heats dielectric molecule itself, raw materials can be uniformly and quickly heated from the inside.
The uniform heating will form homogeneous glasses and the quick heating will contain much amount of water which assists proton conduction.
The principle of warming materials by microwave is based on the dielectric loss which depends on complex dielectric constants (ε' and ε'') as the response for AC electric field of an electromagnetic wave. According to our measurement, ε' and ε'' of H 3 PO 4 were 22 and 25, respectively, at 2.45 GHz, which are co e of pro at This result confirms that H 3 PO 4 is a promising material to form the phosphate glasses by microwave heating. Therefore, a new glass different from the conventional glass by an electric furnace will be produced by the characteristic effect of microwave heating.
EXPERIMENTAL

Sample preparation
15BaO-10PbO-5SrO-70P 2 O 5 glasses were made om barium oxide (BaO), lead oxide (PbO), trontium oxide (SrO) and H 3 PO 4 as starting raw materials.
T eagents were urchased from Kanto Chemicals Co. Ltd. A ble with raw materials in a andmade heat-insulating furnace made by isolite br About 0.2 g of glass owder was packed into a ZrO 2 rotor (4.5 mm in mm in length) which was spun in a igh-speed MAS probe. Spectra were taken with 90 the lass has durability against temperature and water hich is created as a final product by the electroche 2H 2 O. e performed a persistence test under high humidity at ridging ox r the Q 2 band. Fi fr s hese chemical r p covered alumina cruci h icks was set in a 2.45 GHz household microwave oven (Hitachi MRO-SA1). 3 Microwave heating was done by irradiation of low power (200 W) as the first-step heating and high power (700 W) as the second-step heating to avoid overflow of raw materials due to quick heating. Glass blocks obtained by pouring molten solution into a glass bottle were annealed at 260 ºC in an electric furnace. The glass samples were prepared by changing the irradiation time at 700 W after irradiation of 200 W for 5 min. The temperature after irradiation of 200 W for 5 min and 700 W for 8 min was 709 ºC. To compare the properties of glasses between microwave method and electric furnace method, the glass sample with the same composition was prepared by heating up to 700 ºC at the rate of 10 ºC/min and holding for 30 min in an electric furnace and by annealing at 260 ºC.
P MAS NMR
31 P magic-angle-spinning (MAS) NMR spectra were measured with solid nuclear magnetic resonance spectrometer (JEOL EX270-FTNMR) operated at 109.25 MHz. p diameter and 18 h º pulse (4.6 µs) at spinning speed of 6 kHz. The intensity data were accumulated by 1000 scans. (NH 4 ) 2 HPO 4 was used as a secondary standard.
RESULTS AND DISCUSSION
In order to develop proton-conductive glasses as solid electrolytes for a fuel cell operating at the intermediate temperature, it is important that g w mical reaction of 4H + + O 2 + 4e -W high temperature using the glass prepared by an electric furnace (EF glass) and the glass prepared by microwave (MW glass). The glass blocks were kept for 24 h in a 200 ºC air-bath under continuous flow of air with saturated vapor pressure of water at room temperature. Whereas the shape of EF glass block deformed by absorbing water, the MW glass block remained the starting shape. This means that the MW glass has higher stability against temperature and humidity than the EF glass.
We measured 31 P MAS NMR spectra to explain the stability from the structural difference between EF and MW glasses. 31 P NMR gives information on the bonding state of phosphorus (P) atom in the condensed phosphates. As shown in Fig. 2 , there are four states expressed by Q n depending on the number n of P atoms connected through b ygen atoms. 4, 5 These are Q 0 for single PO 4 group in orthophosphate ( Fig. 2(a) ), Q 1 for end PO 4 group in pyrophosphate ( Fig. 2(b) ), Q 2 for middle PO 4 group in triphosphate ( Fig. 2(c) ) and Q 3 for branching PO 4 group in ultraphosphate ( Fig. 2(d) ). The chemical shift values of Q 0 , Q 1 , Q 2 and Q 3 bands are 10 ~ -5 ppm, 0 ~ -15 ppm, -15 ~ -35 ppm and -30 ~ -50 ppm, respectively. Fig. 3 shows 31 P MAS NMR spectra of EF and MW glasses. The spectrum of EF glass is shown in Fig. 3 (a). Three main bands with the peaks at 0.0 ppm, -12.0 ppm and -28.0 ppm are observed. These bands can be assigned to Q 0 , Q 1 and Q 2 , respectively. The band with the peak at 19.0 ppm is due to a spinning side band fo g. 3(b) shows the spectrum of MW glass prepared by the second-step irradiation for 8 min at 700 W. Q 0 , Q 1 and Q 2 bands are observed at 0.5 ppm, -12.0 ppm and -30.5 ppm, respectively. In addition, the Q 3 band with the shoulder peak at ca. -45 ppm is newly observed. Fig. 3(c) shows the spectrum of MW glass prepared by 9 min irradiation at 700 W. Q 0 , Q 1 and Q 2 bands are observed at 0.4 ppm, -12.3 ppm and -33.2 ppm, respectively. It is noteworthy that the intensity of Q 3 band at -42.5 ppm obviously increases, revealing a double peak spectrum. The th G 7 m spectra with a double peak profile of Q 2 and Q 3 bands were also reported for lithium phosphate glass and sodium phosphate glass. 6, 7 The observation of strong Q 3 band in the MW glass means that MW glass has three-di b degree of polymerization N, i.e., the number of P atoms in one-dimensional chain can be expressed by the following equation: The superimposed spectra of Q 2 and Q 3 bands for MW glasses were deconvoluted by Gaussian function fitting. The Q 2 band of EF glass can be fitted by single Gaussian function. Fig. 4 shows the simulation results of the spectra from -20 ppm to -70 ppm including Q 2 and Q 3 bands for 8 min and 9 min MW glasses. The spectrum o is simulated by two components of Q 2 and Q 3 with the peaks at -29.5 ppm and -41.0 ppm, respectively. It is noteworthy that the spectrum of 9 min MW glass is well simulated by three components with the peaks at -31.4 ppm, -41.5 ppm and -53.2 ppm, respectively. Table 2 lists the chemical shift of deconvoluted Q 2 and Q 3 bands for 8 min MW glass and 9 min MW glass. The observed chemical shift of Q 2 band for EF glass is also listed in Table 2 . The Q 2 band of MW glasses shifts to higher magnetic field side by ca. 3 ppm compared with that of EF glass. This shift arises from the difference of chain length between EF and MW glasses. 8 The middle PO 4 in MW glass with longer chain is much affected by second, third etc. neighbor PO 4 in addition to nearest neighbor PO 4 , Fig. 3(c) is opposite to this speculation. We assume cyclic phosphate structure in which only middle point increases without the formation of end point. Since the environment of normal branching P atom is different with that of branching P atom with the cyclic structure, we may explain the difference of chemical shift between them.
Finally we discuss on the particular effect to the polymerization of phosphate glass by microwave. The application of microwave started from a radar for the military purpose and developed to industrial use such as drying for materials and household microwave oven etc. In the field of science, it has been demonstrated that microwave is very effective upon rapid syntheses with high yield of organic and inorganic compounds. 9, 10 In recent years, non-thermal effect based on electromagnetic field of microwave attracts many interests, in addition to conventional thermal effect. Microwave can be focused by antenna. One of the shape of antenna is a bar. If the length of the bar is around two-third of wavelength of microwave, the electric field of microwave is extremely high at the edge of the bar and electrons are accelerated from the bar into the space. Therefore, we can see the electric discharge at the edge of the bar. The energy of the electron should be higher than several electron volts and this energy is enough to cleave a covalent bond between two atoms in chemical compounds.
In fact, we have succeeded in dechlorination of chlorobenzene compounds by irradiation of microwave with a copper antenna electrode. 11 We apply above mentioned non-thermal effect of microwave to the polymerization process of phosphate glass. H 3 PO 4 molecule with high complex dielectric constant ε'' efficiently absorbs microwave and warms itself. This heat flows to other medium and the whole of materials is warmed up.
Supposing that energy of microwave is concentrated on one H 3 PO 4 molecule in an instant, the molecule will be extremely hot. An electron will be eliminated from the molecule, so that some chemical bond will be cleaved and a radical will be created. This radical is quite active and gives the site to develop the chain to another direction in addition to the one-dimensional direction by normal condensation polymerization. Consequently, the MW glass has three-dimensional chain structure which is different from the EF glass with one-dimensional chain structure. CONCLUSION 15BaO-10PbO-5SrO-70P 2 O 5 phosphate glass prepared by microwave heating has higher stability than that prepared by conventional electric furnace heating. The superiority of MW glass originates in three-dimensional network structure with higher degree of polymerization which is characterized from 31 P MAS NMR spectra with Q 3 band corresponding to the branching structure. Although the Q 3 state is thought to be unstable from the reason that it is easy to undergo hydrolysis, its instability could be overcome by enhancement of polymerization degree. The mechanism of 3D structure formed by microwave will be explained with the combination of normal condensation polymerization as thermal effect and radical polymerization as non-thermal effect.
